Powders used in additive manufacturing (AM) are spread into a compact layer of particles for sintering and this process is repeated layer by layer to form the final products. Spreading of rod-shaped particles in realistic AM settings is simulated using the discrete element method (DEM) to investigate the effects of particle shape and operating conditions on the bed quality, characterised by its surface roughness and solid volume fraction. It is discovered that larger particle aspect ratios, A r , or higher spreader translational velocities result in a lower bed quality, i.e. a larger surface roughness and a smaller volume fraction. The surface roughness increases monotonically with A r . However, the volume fraction exhibits a maximum at A r = 1.5 for randomly packed powder beds that are formed by the roller type spreaders moving at low translational velocities. It is also found that a roller outperforms a blade spreader in terms of the quality of the prepared bed at the same operating conditions. The micro-structural analysis of the beds also shows particle alignment in response to the induced flow, which is qualitatively confirmed by a set of purposely-designed experiments. In addition, a shape segregation is documented for powders with mixed aspect ratios (A r ) such that particles with larger A r tend to accumulate on the upper * Corresponding author.
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Introduction
Additive manufacturing has recently been exploited by various industries, such as automotive, aerospace and medical, as a novel production technology.
Powder bed laser sintering (LS) or laser fusion is one of such promising AM techniques. It uses polymeric or metallic particles, heated to just below their melting temperature and spread on a fabrication piston to form a thin particle bed using a counter-rotating roller or a blade. A laser beam is then focused onto the bed and scans a raster pattern of a single layer of the final part.
After sintering the fabrication piston lowers the part slightly and a new layer of powder is applied. The process is repeated until the product is successfully fabricated [1] .
The technology offers substantial benefit for rapid production of prototypes and more recently for weight-sensitive/multi-functional final parts at smallvolumes, with almost arbitrary complexity [2] . There is a growing demand for adoption of the technology. However, insufficient understanding of the multiphysics processes involved in the LS which comprise granular flow (spreading), heat transfer, phase change and surface phenomena, is hindering further development of the technology and introduction of new materials [3] . Such limitations result in expensive trial-and-error calibrations, uncertainty in the quality of final products and slow production rates due to interrupted builds.
The spreading process has a major impact on the characteristics and quality of the final product. The determining parameters are the solid volume fraction of the bed and smoothness of its surface since higher porosity or large roughness can lead to weaker bonding between layers and hence a poor mechanical performance. The importance of the layer smoothness and compactness has been demonstrated by Berretta et al. [4] using a new grade of Poly-Ether Ether
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Ketone (PEEK) in various spreading experiments. Ziegelmeier et al. [5] also reported strong connection between the powder volume fraction and the porosity of the sintered parts. They also demonstrated that the part's surface quality is highly dependant on the roughness of the powder bed.
The first analytical model, close to the LS method of operation, was developed by Johanson [6] to predict the behaviour of granular materials undergoing continuous shear between two rollers (see T-Dec et al. [7] for a review), and has been extended to compaction between a roller and a flat plate [8] . These models, however, treat powder beds as continuous media described by macroscopic conservation equations to calculate quantities such as stress distribution or bulk density within the bed. Therefore, the effects of particle shape and micro-structure on bed quality cannot be directly evaluated.
The development and performance of new material for the LS have also been the subject of a few experimental studies without linking to the spreading process itself. For instance, Wang et al. [9] studied the mechanical and thermal properties of graphite platelet reinforced PEEK (PEEK/GP). They showed that despite a higher porosity, the tensile strength of the composites is improved (maximum 36% improvement for 5wt.%GP). Wang et al. [10] also studied the laser sintered glass bead filled Polyether ketone (GB/PEK) composites and showed up to 7% increase in hardness can be achieved without reducing its tensile strength.
Recently the DEM has been applied to the spreading problem to investigate the effects of particle level phenomena on the bed quality. Parteli and Pöschel [11] performed full device DEM simulations and found that the larger translational velocity of the roller and broader particle size distribution lead to larger surface roughness. Xiang et al. [12] simplified the process by considering an assembly of 4000 spherical particles undergoing three processes in their DEM simulations: random packing, layering and compression. Focusing on the effects of particle size distribution and considering mono-sized, bimodal and Gaussian distributions of spherical particles, they showed that the solid volume fraction increases with layer thickness regardless of the size distribution type.
In this paper, the spreading of non-spherical particles in AM is studied using DEM simulations. A commercial grade and two types of custom-milled PEK/PEEK powder particles are characterised experimentally. Based on these experiments rod-shaped particles are chosen for the simulations. The effects of spreading devices (roller or blade), their translational velocity and the bed thickness on the surface roughness and bed volume fraction are identified. It is found that a larger translational velocity generally reduces the bed quality and hence a lower value is suggested. This will however, adversely affect the production rate. In addition, it is found that the rollers produce powder beds with significantly better qualities and this is related to the contact dynamics between the spreader and the bed. The bed micro-structure in terms of particle orientation is analysed and an alignment phenomenon is observed and related to the bed response to the particle shape and the spreader velocity. Spreading experiments with rod particles are performed to qualitatively validate the particle alignment phenomenon. Finally, a mixture of rod-shaped particles with different aspect ratios is considered to study the shape segregation phenomenon.
This analysis show that mixing particles with different shape/size distributions to control the bed quality may not be effective due to particle segregation in different layers of the bed.
It is also important to note that Parteli and Pöschel [11] earlier used similar DEM techniques to simulate the same process -admittedly with more realistic particle shapes. However, in this paper we have performed extensive parametric studies to characterise the process. Several adjustable parameters, available to device users, which are commonly used for tuning the process are considered and their effects on the bed quality are documented. In addition, we believe this is the first study that uses detailed micro-structural analysis to explain the complex dependence of bed quality on the aforementioned adjustable parameters and also on particle shape (at least for elongated particles).
A C C E P T E D M A N U S C R I P T Germany) operating at room temperature with a 2mm sieve size and a blade rotation speed of 14000rpm was used for the impact milling.
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The shape characterisation was performed in ImageJ software [18] analysing The results of these analyses show that elongated particles with a major axis and round edges are good approximations to the milled PEK/PEEK particles. Therefore, rod-shaped particle generated with a multi-sphere approach A C C E P T E D M A N U S C R I P T
are chosen for the simulations (see § 3.1).
Methodology
In this section the DEM technique is discussed first. Then the simulation and post-processing procedures are specified and their parameters are discussed in the relevant sections in detail. Nevertheless, a summary of important simulation/post-processing parameters is provided in Table 1 for reference.
Discrete Element Method
The Large-scale atomic/molecular massively parallel simulator (LAMMPS)
code [19] is used for all the DEM simulations in this paper. Firstly, note that a distinction between a sphere and a particle is made since we will consider non-spherical particles created with a set of spheres. Therefore, a spherical/nonspherical particle is formed from one/or more spheres. A linear Hookean springdashpot contact force model is applied to each pair of spheres p and q whenever the two spheres overlap, i.e. when δ pq = R p + R q − r pq > 0, where r pq = r pq,i = r p,i − r q,i 1 , and · represents the Euclidean norm (magnitude) of any vector. In addition, R k , k ∈ {p, q}, is the radius of the k th sphere and r k,i
is the position vector of its centre of mass (CoM). The normal and tangential components of spring-dashpot force are given by
where κ n , γ n , κ t and γ t are spring elastic and damping constants in normal and tangential directions respectively. In addition, v n pq,i and v t pq,i are relative normal and tangential velocities. The effective mass is defined as
where m k , k ∈ {p, q}, is the mass of k th sphere.
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The unit normal vector in the direction of the line connecting a pair of sphere centres is presented by n pq,i and elastic shear displacement by u The spring-dashpot model is chosen in this study due to its low computational costs. Despite the simplicity of the model, Di Renzo and Di Maio [20] showed that if the parameters of the model are accurately chosen, the model performs as well as the full Hertz-Mindlin and Deresiewicz model -and better than the simpler versions of this model -as long as the details of collision forces are not relevant (for example in particle breakage). In this study we are only considering the dynamics of the bed and hence the use of linear model is justified. The details of calculating model parameters are discussed later in this section.
The DEM is traditionally formulated for spherical particle which is due to the availability of efficient collision detection algorithms and well defined tangential and normal contact forces (Equations (1) and (2)). However, shape effects are considered in this paper and hence, a versatile multi-sphere technique is used, see The simulation set-up is depicted in Figure 2 . The bottom boundary is a rigid wall that exerts a normal and a tangential force on the spheres (equivalent to assuming an infinity large sphere in Equations (1) and (2)). To prevent unbounded rotation of particles on the bottom wall, a rolling friction model is implemented. The adopted model constantly applies a resistive torque to the spheres in contact with the bottom wall, which is given by [21, 22, 23] A
In Equation (3) The elastic spring constant κ n , in Equation (1) is set according to [20] κ n = 16 15
and the dash-pot constant is calculated as
where (4), yields κ n ≈ 1500 N/m depending on the roller velocity. Therefore, a constant value of κ n = 1500 is adopted for all the simulations. Tangential force constants κ t and γ t are respectively set to 2/7κ n and 1/2γ n (see Shäfer et al. [25] for details). Note that the mass of each individual sphere is adjusted in the simulations by
such that the density of all particles shapes remain equal to ρ rod = 1.3 gr/cm 3 , (i.e. the PEEK density [24] ). The analytical volume of rod-shaped particles is derived as
where, h = D sph /2, D sph is the sphere diameter and N sph is the number of spheres that constitute the rod and is the amount of overlap relative to D sph between the spheres ( = 0.5 for all rod-shaped particles use in the simulations, see Figure 2 ). Due to this adjustment of masses, γ n values in Equation (5), are calculated for rods with different aspect ratios based on their corresponding m * .
Simulation set-up
The rods with various aspect ratios A r = 1.0, 1. mentioning that in this paper we are only considering shape effects. Therefore, the term "poly-disperse" refers to particles with different aspect ratios.
Post-processing
The particle volume fraction, φ, and surface roughness of the bed are investigated in this paper and used as a measure for effectiveness of the spreading process. This is defined by a high φ (close to the critical volume fraction) and a low value (smooth surface). It is in fact, possible to incorporate both parameters in a single variable. If the particles bounded by the bottom wall and a plane tangent to the top particle layer (i.e δ spreader = z hi , where spreader ∈ {roller, blade})
are considered, a larger roughness would be equivalent to a smaller φ. However, here the first approach is taken since a single value will be too sensitive to how the tangent plane is defined. Therefore, to calculate φ those particles that are bounded in a box defined by z lo = z min , z hi = z min + δ spreader − D sph , y lo = y min + D roller and y hi = y max − 1.5D roller are selected. Here, δ spreader is the roller displacement from the bottom (required layer thickness), see Figure 3 .
For consistency y lo and y hi are defined with D roller for both types of spreaders.
Also, y min and y max are the minimum and maximum locations of particles on the bottom wall along y-direction. Defining y lo and y hi effectively limits the analysis to only a subset of particles away from the edges and suppresses the end effects. In fact, this is a reasonable assumption since the full extent of the bed in not normally used for fabrication. Table 2 
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chosen ratio is also tested to confirm that it is large enough to guarantee independence of the results.
The surface roughness is measured using a ray-tracing technique where 10 rows (in x-direction) of light sources are evenly distributed on the top plane.
Each row consists of 500 equally distanced sources (see Figure 3 ) in y-direction which provides 5000 data points in total. Each ray intersects the bed at a specific height h and the standard deviation of h normalised by D sph , is defined as a roughness i.e. = (h − h ) 2 /D sph where averages are calculated over all data points.
For micro-structural analysis in § 4.2 an orientation vector -a unit vector g i , in the direction of particle's major axis -is defined, see Figure 6a . In addition, a probability density function (PDF) for spatial distribution of orientation vectors g i can be defined according to [26] :
where equations for D i0···in tensors of order n = 0 · · · 6 can be found in [26] .
For the current analysis, P(g i ) has been reconstructed up to the fourth-order.
Results and discussions

Bed quality
In this section, the effects of particle shape on the bed solid volume fraction φ are investigated. The results of these simulations are presented in Figure 4a .
First note that for all roller simulations a maximum volume fraction is observed at A r = 1.5 which is independent of δ roller and is more pronounced at lower
roller . This behaviour closely follows the predictions of the random-packing theory for spherocylinders [27] . Similar dependency of φ on A r are also observed in experiments on random-packing of ellipsoids [28] . After this peak, φ declines consistent with the trend of the random close packing density against aspect ratio. For a given particle shape, the key control parameter is found to be that the bed quality is seriously degraded (lower φ and larger ) using a blade compared to a roller at same operating conditions. Figure 5 shows a snapshot of both spreaders in contact with the bed. Clearly, the roller provides a large contact area and allows for gradual particle rearrangement. Conversely, the blade, mainly interacts with the bed at a single point (its edge), dragging the particles as it moves which leads to greater roughness . A larger A r exacerbates the problem (see Figure 5 ) and a thicker blade does not solve the single point contact problem. Finally note that, an increase in V T blade and reduction of δ blade , similar to the roller case, significantly reduce the volume fraction φ but have a milder effect on . This is perhaps due to the dominant dragging effect as explained earlier. Note that, for example for A r = 2.5, the roughness reaches a
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value of 0.59D sph and physically this can not be substantially increased except if there are deep and wide cracks (wider than A r ) in the structure of the bed.
Microstructural analysis 4.2.1. Simulation results
In this section the micro-structural behaviour of particles undergone the spreading process is discussed. Figure 6a shows the probability of finding the vector representing a rod's major axis within a 20
• deviation from e 2 = (0, 1, 0) (i.e. the particle flow/spreading direction). Note that for an isotropic distribution of g i , Pr I (ζ < |α|) can be analytically derived as 1 − cos(α). Now, setting α = 20
• , one obtains Pr I (ζ < |α|) ≈ 0.06. Figure 6a clearly shows that
• ) for all aspect ratios and hence, particles are aligned in flow direction. To show that this alignment occurs during the process the value of Pr(|ζ| < 20 • ) is calculated for the initial particle configuration. Figure 6a , which confirms that the spreading process increases the alignment in the spreading direction. Similar alignment to the flow direction has also been reported in numerical simulations of simpler flow systems. For instance, Guo et al. [29, 30] showed that elongated particles align in the flow direction in a simple shear flow.
The PDF of g i expanded according to Equation (8) is presented in Figure 7 .
It should be noted that these surfaces are not probabilities (but probability densities) and are not directly comparable to the plotted values in Figure 6a .
Nevertheless, an alignment, specially from z-direction to the flow direction is evident. This anisotropy can clearly be observed in all cases but a planar isotropy (circular shape of the distribution on the x-y plane) is somewhat maintained for A r = 1.5 but is completely broken for A r > 1.5 which results in a unique director in the direction of roller's motion. Figure 6a shows that the alignment is a strong function of particle shape.
The above analysis also indicates that two different types of alignment take place. A first rotation (referred to as Type 1 hereafter), projects particles from
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the z-x plane onto the x-y plane but preserves the planar isotropy. The second one (Type 2), however, projects particles onto the flow direction. Particles with larger A r experience a higher intensity of Type 2 rotations. The degradation of the bed quality with aspect ratio is believed to be related to the Type 2 rotations.
These in plane rotations can significantly disturb the nearby particles resulting in larger . Figure 6b shows probability of finding particles in the proximity of z-axis, Pr(|ξ| < 40
• ).
The slight increase of Pr(|ξ| < 40 • ) by increasing V T roller proves the argument. The bed thickness, δ spreader (only tested for the roller configuration) seems to result in a slightly less alignment in flow direction for all aspect ratios (less Type 2 rotation). This has an effect on the higher quality of the bed in line with the arguments in this section. However, larger δ spreader is believed to also reduce the probability of particle congestion beneath the spreader and hence may have a mixed effect. Figure 4 shows that the declination rate of φ increases after A r = 2.0 for δ roller = 4D sph whereas, a constant slope is observed for δ roller = 5D sph . Based on this observation, it is believed that a larger δ spreader provides more space for smooth arrangement of particles beneath the spreader which becomes more significant at A r /δ spreader ≥ 0.5. It should be emphasised however, that this argument is based only on the limited available data and has not been investigated further in this study.
In Figure 6a a curve for the blade case is also presented. Here again although the slightly lower alignment in flow direction may have a positive effect on the
bed quality it is overshadowed by the particle dragging effect due to inefficient contact dynamics as explained in § 4.1.
Experimental results
The particle alignment is also explored experimentally. The experimental rig, consisting of a tray-roller system and rod-shaped particles are prepared using the LS process. The particle shape is equivalent to those presented in Figure 2 but with = 0.25. The manufacture of particles used in this experimental part was carried out using the EOSINT P100 system at a chamber temperature of 169
The particles were manufactured from the EOS PA2200 (poly-amide) powder using a 16W CO 2 lasers at 1500 mm/sec scanning speed for post contour, and a 21W CO 2 lasers at 2500 mm/sec for hatching. The particles were then cooled down to room temperature before removal from the powder bed.
It should be noted that the experiments were mainly performed to support our simulations by showing that at a micro-structure level, the reported particle behaviour is also observed experimentally. We did not perform the experiments within a Laser Sintering device in this paper since other parameters come into play, which will make the comparison even harder. Although we tried to build our experimental rig to operate as close as possible to the simulations/device conditions, the results are only qualitatively compared to the simulations.
A series of tests are carried out in the roller-tray system by spreading particles with either a roller or a blade. The tray was initially filled with white rodshaped particles with A r = 2.5 and 4.0. A mixed shape case with A r = 1.75, 4.0 is also considered. Several black-coloured rods are manually placed on top of the bed, perpendicular to e 2 on x-y plane (assuming a coordinate system similar to the simulations). The spreading, was then carried out by moving the spreader with V T = 0.05. The procedure is presented in Figure 8 . After exposing the buried black-coloured particles the particle orientation is measured and those with a maximum 20
• deviation from e 2 are considered as being aligned in the flow direction. Figure 9 shows a snap-shot of the final particle configuration.
The experiments are repeated 10 times and average orientations are summarised M A N U S C R I P T
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in Table 4 .
The experimental results in Table 4 show that the particle alignment is indeed a strong function of A r . However, the effect of the spreading device is not conclusive. For mixed particles and for AR = 4.0, slightly larger alignment is observed for the blade whereas for A r = 2.5, the roller generates a larger alignment. The discrepancy between values obtained from the experiments and simulations can be attributed to the differences in operating conditions and that only a specific sub-set of particles are tracked. Nevertheless, the experimental results, qualitatively confirm that the alignment indeed occurs and support the simulation results.
Shape segregation
So far only mono-disperse particle beds were considered for the parametric studies. In practice however, a distribution of different shapes is present. For rod-shaped particles this can be reduced to a distribution for A r as presented in To fully characterise the bed however, the particle spatial distribution should be quantified. Our preparation protocol ensures an initial homogeneous distribution of different shapes in each layer. We defined 3 slabs over the bed thickness δ roller centred at (1/6, 1/3, 5/6)δ roller and calculate a probability for finding a certain particle type in each slab Pr slab . This is then normalised by a global number density Pr g for each A r which is calculated considering the entire bed. This normalisation is necessary to make the comparison possible and is defined such that a Pr slab /Pr g = 1 indicates no shape segregation. Figure 10 show the distribution of A r at three different slabs. It is clear that the probability of finding A r = 2.5 in the bottom slab is only 0.75Pr g whereas, at the top slab it is increased to 1.24Pr g . Conversely, for A r = 1.5 the probability decreases from 1.12Pr g to 0.9Pr g . This is a clear indication of shape segregation during the spreading process for the rod-shaped particles. It should be noted that, the particle shape is not isolated from its size and this in fact may be a mixed shape/size effect (since various shapes have different sizes). Nevertheless, this suggests that using particle shape manipulation to control volume fraction, may be ineffective since although the average solid volume fraction can be increased, it may not be distributed uniformly in different layers of the bed after the spreading.
Concluding Remarks
The AM sector lacks materials. However, over the last couple of years the number of research studies on various polymeric powders for laser sintering increased. Many of the studies are using various milling methods to create powders and investigate their flow properties in relation to mechanical performance. Thus generated particles have large aspect ratios and irregular shapes. To address these shortcomings, the effects of particle shape and spreading conditions on the powder bed characteristics, which are important factors determining the final product quality, are investigated. It is discovered that generally, particles with larger A r result in a lower density powder bed with higher surface roughness and hence lower mechanical performance of the fabricated parts. An effective control parameter, considering the production time constraints, can be the spreader translational velocity V T spreader , the lower of which the better powder bed quality. It is also found that in the same operating conditions a roller type spreader significantly outperforms a blade. This has been attributed to inadequate contact of a blade with the bed, which causes particle dragging and degrades the bed quality.
A non-linear response of the volume fraction to the particle shape (with a maximum at A r = 1.5) can also be exploited to control the bed quality by using non-spherical particles with an average A r as close as possible to 1.5. However, it is found that for a mixture of particles with different A r a mild shape segregation occurs which may negate such advantages gained by manipulating particle shape distribution. (6) and (7) A r Aspect Ratio ∈ {1.0, 1. Table 1 : A summary of simulation and post processing parameters with a short description. This is provided only for reference and the parameters are explained in detail in the text. In addition, all the dimensional parameters are reported in SI units. Table 3 : The probability of finding a particle in alignment with the spreading direction in the initial configuration. Three initial configurations are prepared for different aspect ratios which are then used for all the corresponding simulations.
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Particle Shape A r = 2. Table 4 : Average and standard deviation of measured probability of particle alignment in the flow direction. The statistics are calculated for 10 separate experiments.
Highlights
• DEM simulation of the powder spreading process with application to laser sintering.
• A higher spreader velocity increases the bed surface roughness and void fraction.
• A roller type reader outperforms a blade spreader at the same operating conditions.
• Elongated particles in a prepared bed show shape segregation and alignment to the flow.
